Introduction
The DAHAN solar power plant [1] was constructed in the Yanqing District of Beijing as part of a China National High-tech R&D (863 plan) project. The project's targets are to develop solar thermal power systems with system demonstration during the 11 th five-year period. The power plant was completed by the Institute of Electrical Engineering of the Chinese Academy of Sciences by the end of 2011. The solar concentrating system in the solar plant consists of 100 heliostats with each heliostat having a reflecting area of 100 2 m . Each heliostat has 64 square facets arranged in 8 rows and 8 columns.
Direct and indirect methods have been used to measure the optical performance of heliostats. The direct method employed at the SSPS (Small Solar Power Systems)-CRS plant used a moving bar with a calorimeter array passing in a plane parallel to the front of the receiver [2] [3] . Indirect methods have been mainly based on beam characterization system (BCS). The primary components of the analysis system used at Sandia Laboratories [4] [5] were a monochrome CCD camera, a camera lens assembly, a flux gauge, neutral density filters, an image acquisition card and software that integrates the image and non-image data acquisition and processing.
An indirect method was also used to test the optical performance of the heliostats in the DAHAN solar power plant. The primary system components were a monochrome CCD camera, a camera lens assembly, an image acquisition card, a target and a computer as shown in Fig. 1 . 
Heliostat alignment methods
The DAHAN solar power plant has 100 heliostats distributed in 15 rings. The surface of each heliostat was aligned according to the geometric relationship between each heliostat and the receiver since the heliostats in the different rings have different curvatures. Since there was no large-area heliostat mirror surface detection equipment, two heliostat alignment methods were used during installation of the heliostats in the DAHAN solar power plant.
The first alignment method was an on-axis cant [6] which used electronic measurements to measure the differences in elevation of two alignment squares attached to the facets. Prior to the alignment, the expected height difference from the heliostat design between two adjacent facets was calculated based on the focal length of the heliostat. Then, the gear box, heliostat structure and all 64 facets were assembled together and the entire structure was fixed on the level ground. The procedure to measure the height difference using the electronic system was repeated as workers adjusted the facet mount until the measured differences matched the design values. After alignment, the mirrors were mounted on the heliostat column. The alignment had to be done in a windless environment so a big tent was used as shown in Fig. 2 (a). The second method was off-axis cant [6] which was typically performed while tracking the sun by minimizing the beam size upon the target. First, the heliostat was aimed at the centre of the target. The heliostat spot was initially poorly shaped. Then, the workers climbed the heliostat structure and observed the spot though the gap between adjacent facets. The location of each facet spot could be identified by adjusting the screws used to fix the facet to the truss of the heliostat until the shape of the heliostat spot became more circular. This method shown in Fig. 2 (b) requires good sunlight with better alignment achieved when the target was close to the receiver.
The heliostat installation started form the 15th ring and moved inward in the DAHAN solar power plant. The onaxis cant was used during the initial heliostat installation, and this alignment method needed the site levelling and a very large tent. Furthermore, the adjustment time for one heliostat was more than one day. This method did not meet the installation process of the heliostat, so the off-axis cant replaced the on-axis cant. After two years, some of the heliostat surfaces were seen to change, so these heliostats were realigned using the off-axis cant.
The beam position reflected from the heliostat onto the target can be calculated using a model of the 1 MW solar power plant's solar flux distribution based on Monte Carlo ray tracing [7] . The predictions were compared with the measured flux distribution for the #9. The results in Fig.3 show that the calculated results agree reasonably well with the measured data including the spot shape and the direction of the major axis for the # 9.0 heliostat. However, the calculated results differed significantly from the measured data for the #-12.5 heliostat as shown in Fig. 4 . The actual beam shape may differ from the calculated result because the actual alignment of the heliostat surface differs some from the heliostat surface in the model. The model of the 1 MW solar power plant solar flux distribution [7] assumed that each heliostat surface was an ideal, continuous spherical segment. However, the actual surface has alignment errors and cannot meet the requirements of the model.
Beam size
The beam size is one of the key optical characteristic parameters which also include the beam shape, gray value distribution, beam centre and total number of grey levels. The beam size should be reduced as much as possible to reduce the receiver spillage and increase the receiver intercept factor. In the DAHAN solar tower plant, the beam radius [5] should be less than 2.5 m, otherwise, intercept error will occur regardless of the quality of the heliostat tracking accuracy since the receiver aperture is 5 m 5 m.
As Figs. 3 and 4 show, the heliostat radius changed little during the day, so 95 heliostats were selected for continuous measurements of the heliostat spot in the DAHAN solar power plant, with the calculated beam radii shown in Fig. 5 . These measurements were performed on a clear day with low wind speeds (less than 5 mps). 25 heliostats had beam radii larger than 2.5 m with most of these concentrated in the outer 4 rings. The most of the heliostats in the outer 4 rings used the on-axis cant method, and the test indicated that the off-axis cant performed better in practice. The data in Fig. 5 shows that one heliostat in the third ring had a very large beam radius which was due to the irregular shape of the spot as shown in Fig. 6(a) .Some of the other heliostats in the first 11 rings that had small beam radii also had irregular spot shapes as shown in Fig. 6(b) , so these alignments should also be improved. 
Heliostat spot centre calculation methods
The heliostat spot centre is indicative of the beam position and is used to analyze the heliostat tracking performance. Two methods used to calculate the spot centre from the gray-scale image captured by the image analysis system in the DAHAN solar power plant are the centroid method and the geometric centre method.
Centroid method
The centroid method is also called the Gravity method [8] . This method uses a weighted gray value where the weight increases linearly with distance across and up the target. The spot centre is then formulated as: Where (x0,y0) is the spot centre location, M and N are the number of rows and columns and I(x,y) is the grey value at (x,y). The centroid method is widely used to calculate the target centre since it is easy to use. However, the centroid method is susceptible to background light effects; thus, the background grey values must be subtracted from all the pixels' gray values before using Eq. (1).
Geometric centre method
The size of the receiver aperture is the basic parameter in the geometric centre method. The image block is then the same size as the receiver aperture. The sum of the grey values of all the pixels in various image blocks is then calculated. The image block with the maximum sum is defined as the effective beam area. The spot centre is then the centre of this effective area. For the DAHAN solar power plant, the beam area is a 5 m 5 m square equal to the receiver aperture size. The intersection of the diagonals is the spot centre as Fig. 7 
Comparison of the two spot centre calculation methods
The position of the spot centre and the effective beam area depend on the calculation method. The sum of all the pixel gray values in the effective beam area reflects the energy flux captured by the receiver since the total energy received is proportional to the sum. The sums of all the pixel grey values in the effective beam area of the spot images for several heliostats in the pilot plant were calculated using both methods. The spot centre calculations were then used to estimate the energy captured by the receiver.
The plant has 100 heliostats distributed in 15 rings. One heliostat was randomly selected from each ring for the measurements and marked in red in Fig. 8 . The images from heliostats in the different rings are shown in Fig. 9 The results in Tables 1 and 2 show that the positions of the spot centres calculated using the two methods and the sums of all the pixel gray values in the effective beam area differ. The sum of all the pixel gray values of the effective beam area is lower with the Centroid method with the sum of all the pixel grey values in the effective beam area being 1.99% higher with the Geometrical centre method on average. The energy distribution in the spot for each heliostat is generally close to an elliptical [9] or a circular Gaussian distribution [10] [11] . However, here some of the spots were quite irregular. The spot images for the third, sixth and fourteenth ring heliostats are shown in Fig. 10 . The distribution for the third ring beam is quite irregular, while the sixth ring beam is close to a circular Gaussian distribution, and the fourteenth ring beam is close to an elliptical Gaussian distribution. Binary images and the grey scale distribution images are shown in Fig. 11 . The spot shape for the third ring heliostat is a long strip whose circularity is 0.7. The circularity of the spot for the sixth ring heliostat is 0.9. The spot shape for the fourteenth ring heliostat is close to an ellipse with a tilt angle of the elliptical major axis of 28, a length of the major elliptical axis of 4.91 m, and a length of the minor elliptical axis of 3.84 m. When the spot shape is close to an ellipse or a circle, the grey values are symmetrically distributed around the centre of the ellipse or the circle. The positions of the spot centre calculated using the two methods differ which leads to different sums for the grey values in Sum (Cen) and Sum (Geo). As shown in Table 7 -2, Sum (Cen) is always smaller and Sum (Geo) is larger.
Summary
The surfaces of each heliostat in a solar power tower plant were aligned according to the geometric relationship between this heliostat and the plant receiver. The heliostat facets were aligned using the on-axis cant method and the off-axis cant method. However, the heliostat surfaces were still not completely aligned with predictions of the 1 MW solar power plant's solar flux distribution calculated using Monte Carlo ray tracing not agreeing with measurements of the flux distribution on the receiver. 26% of the measured heliostats radii were more than 2.5 m, so additional alignment was needed. The geometric centre method can effectively calculate the spot centre in more situations since it can deal with saturation of the grey scale image. This method is also has more adaptable for measuring the maximum receiver energy.
